Abstract: Numerous physiological and morphological adaptations were achieved 23 during the transition to lungless respiration following evolutionary lung loss in 24 plethodontid salamanders, including those that enable efficient gas exchange 25 across extrapulmonary tissue. However, the molecular basis of these adaptations 26 is unknown. Here we show that lungless salamanders express in the skin and 27 buccal cavity-the principal sites of respiratory gas exchange in these species-28 a novel paralog of the gene Surfactant-Associated Protein C (SFTPC), which is a 29 critical component of pulmonary surfactant expressed exclusively in the lung in 30 other vertebrates. The paralogous gene appears to be found only in 31 salamanders, but, similar to SFTPC, in lunged salamanders it is expressed only 32 in the lung. This heterotopic gene expression, combined with predictions from 33 structural modeling and respiratory tissue ultrastructure, suggest that lungless 34 salamanders produce pulmonary surfactant-like secretions outside the lungs and 35 that the novel paralog of SFTPC might facilitate extrapulmonary respiration in the 36 absence of lungs. Heterotopic expression of the SFTPC paralog may have 37 contributed to the remarkable evolutionary radiation of lungless salamanders, 38 which account for more than two thirds of urodele species alive today. 39 ontogenetic and evolutionary transitions from aquatic to aerial respiration. The 48 mechanism of aerial respiration is even more enigmatic in lungless species, 49 which rely entirely on extrapulmonary sites of respiration [1-3]. The family 50 Plethodontidae includes more than two thirds of all living salamander species; 51 most are fully terrestrial, and all adults lack lungs. Respiration takes place solely 52 across the integument and buccopharyngeal mucosa, and also across the gills in 53 aquatic larval forms, when present. Lunglessness is not unique to 54 plethodontids-it has evolved several times in other amphibians, including 55 salamanders, frogs and caecilians [4]-but its adaptive significance is unresolved 56 [5, 6] . 57 58 How lungless salamanders are able to satisfy metabolic demands for oxygen is a 59 topic of considerable interest. In theory, lunglessness limits thermal tolerance 60 and maximum body size, yet lungless salamanders paradoxically occupy diverse 61 thermal environments and attain relatively large body sizes. Plethodontids 62 possess highly vascularized skin and buccopharyngeal mucosa, which may 63 compensate for the loss of pulmonary respiration [1,7-9]. The buccopharyngeal 64 membranes, in particular, may function as an adaptive respiratory surface that 65 facilitates gas exchange, as evidenced by increased oscillation of the floor of the 66 buccal cavity under hypoxia, high temperature, or activity, which presumably 67 serves to draw more air into the mouth [1, 7, 10] . Selection for efficient 68 extrapulmonary respiration may have played a major role in the adaptive 69 radiation of terrestrial plethodontids [1] . Indeed, the evolution of highly efficient 70 cutaneous and buccopharyngeal respiration is believed to have freed 71 plethodontids from the ontogenetic and functional constraints associated with the 72 use of a buccal pump for pulmonary ventilation, thereby enabling them to occupy 73 diverse habitats and evolve ballistic tongue projection [2, 11, 12] . 74 75 To identify the molecular adaptations that might facilitate lungless respiration, we 76 investigated the expression of a crucial pulmonary surfactant-associated protein 77 in plethodontid salamanders. Proper lung function requires pulmonary surfactant, 78 a complex and evolutionarily variable mix of molecules that facilitate mucous 79 spreading and lung compliance and improve oxygen diffusion [13] [14] [15] . 80 Surfactant-associated protein C (SFTPC) is a hydrophobic protein found in 81 pulmonary surfactant that localizes to the lung's air-liquid interface. It reduces 82 surface tension by aiding the adsorption and distribution of lipids within 83 pulmonary surfactant and specifically enhances oxygen diffusion [14, 16, 17] . 84 SFTPC also regulates production and turnover of phosphatidylcholine, a major 85 component of pulmonary surfactant, and it limits the thickness of the hypophase, 86 the liquid layer that lines the lung's inner surface [18] [19] [20] . Mucous layer thickness 87 greatly impacts gas exchange between the environment and the blood supply 88 [21] . Additionally, oxygen uptake is enhanced by the presence of surfactant in the 89 hypophase, likely due to convective effects that facilitate mixing of oxygen and 90 mucous or increased rate of oxygen trafficking [15, 22] expression, however, is lower than SFTPC and the genes are expressed at 116 different times: SFTPC-like is low or non-existent before hatching, whereas 117 SFTPC is expressed beginning in embryos immediately following the formation of 118 the laryngotracheal groove, a ventral outpocketing of the foregut that precedes 119 lung outgrowth ( Fig. 1a, b ), and continuing into adulthood ( Fig. 1d ). 120
121
In contrast, SFTPC-like is expressed dynamically in lungless salamanders. In 122 embryos and early larvae of Desmognathus fuscus, a metamorphosing species, 123 SFTPC-like is expressed throughout much of the integument, with reduced 124 staining on the dorsal (internal) surface of the operculum (gill covering) and in the 125 limbs ( Fig. 2a-h) . Expression begins to diminish in the integument immediately 126 before metamorphosis, but at the same time it expands to the buccopharyngeal 127 mucosa (oral epithelium) ( Fig. 2i-l) . Integumentary expression at this stage is 128 patchy: remaining SFTPC-like-positive cells are displaced towards the apical 129 surface and display an irregular morphology ( Fig. 2i, k) . Cessation of 130 integumentary expression of SFTPC-like coincides with several metamorphic 131 transitions, but especially molting [26] , when the integument is profoundly 132 remodeled from a simple stratified epithelium to a thickened pseudostratified 133 tissue rich in acinous glands (Fig. S4, Fig. 2i, k) . 134 135 Immediately following metamorphosis, expression is absent from the integument 136 and restricted to the buccopharyngeal mucosa ( Fig. 2m-r) . In adults, SFTPC-like 137 is expressed in the buccal cavity and adjacent pharynx ( Many studies of the evolutionary phenomenon of adaptive radiation have 243 emphasized morphological traits whose appearance in particular lineages 244 promote phylogenetic and ecological diversification [37] . We propose that such 245 morphological traits, or key adaptations, work in concert with novel and 246 functionally significant molecular features to enhance evolutionary success, and 247 that such instances of concerted evolution are more widespread than is currently 248 recognized. Desmognathus fuscus. Fixation was performed as described above. 296
Ambystoma mexicanum were staged according to [39, 40] . Desmognathus fuscus 297 embryos were staged using a staging Ambystoma mexicanum) as well as from the transcriptomes listed in Table S2 . 
Transmission electron microscopy 418
Two 24-mm (total length) Desmognathus fuscus larvae were euthanized and 419 decapitated. Specimens were then dissected in fixative (2.5% glutaraldehyde and 420 2% paraformaldehyde in 0.1 M HEPES; the aldehydes were free of alcohol 421 stabilizers). The head was cut into three 1-mm sagittal sections. An 18-cm adult 422
Ambystoma mexicanum was euthanized and then dissected in fixative. Samples 423 of the gular skin from the ventral head, the oral epithelium and the lungs were 424 trimmed to 1-mm-thick pieces in fixative and fixed as above. 425
The samples were left in fixative for 3 d and then washed twice quickly with 0.1 M 426 HEPES and three times for 5 min each with Milli-Q H2O (mqH2O). Next, samples 427 were fixed for 24 hr at 4°C in aqueous 1% osmium tetroxide, followed by five 428 washes in mqH2O for 5 min each. Subsequently, specimens were stained with 429 2% uranyl acetate (EMS, Hatfield, Pa.) overnight at 4°C, then washed two times 430 for 5 min each with mqH2O. Specimens were dehydrated with 5-min washes of 431 50%, 70% and 95% ethanol, followed by three 10-min washes with 100% 432 ethanol, then two quick rinses with propylene oxide (PO). 
Evidence for Duplication of SFTPC 40 41
Both SFTPC and SFTPC-like diverge within exonic regions, but not according to 42 putative splice boundaries (Fig. S1a) , which indicates that SFTPC-like is not an 43 isoform of SFTPC. While SFTPC-like is divergent from SFTPC sequences, it is 44 not an ortholog of a closely related BRICHOS domain-containing gene (Fig.  45 S1b). We found SFTPC-like expressed in ten species of lunged and lungless 46 salamanders ( Fig. S1a, b ; Supplemental Data File 1), most of which also express 47 SFTPC. SFTPC-like is not found in genomes or transcriptomes of any other 48 tetrapods, or even other vertebrates. 49 50
The most parsimonious explanation for the corresponding gene tree is that the 51 tetrapod ortholog of SFTPC was duplicated in the salamander lineage following 52 its divergence from frogs, followed by substantial sequence divergence between 53 SFTPC and SFTPC-like ( Fig. S1b ). Low statistical support at the SFTPC-like 54 node should be interpreted as a polytomy, and long-branch attraction likely has 55 caused an artifactual affiliation between coelacanth and lungfish SFTPC 56 orthologs and salamander SFTPC-like. We applied PHYLDOG [17] to explicitly 57 test for gene duplications of SFTPC. Given a guide tree with known phylogenetic 58 relationships (Fig. S2 ), PHYLDOG predicts that SFTPC-like arose by gene 59 duplication (Fig. S3 ). SFTPC-like has been meiotically mapped to linkage group 60 6 in Ambystoma mexicanum, a lunged salamander, and is located within a region 61 syntenic to human chromosome 15 [18] . SFTPC-like and SFTPC have been 62 assembled to two separate genomic scaffolds from A. mexicanum [19] , 63 supporting SFTPC-like's origin via gene duplication. 64 Supporting Information Tables:   65  66  Table S1 . Primers used to clone SFTPC and SFTPC-like from Ambystoma 67 mexicanum, Desmognathus fuscus and Plethodon cinereus. Figure S2 and 104 Table S2 . 
